Both type III effector proteins and non-ribosomal peptide toxins play important 35 roles for Pseudomonas syringae pathogenicity in host plants, but whether and how 36 these virulence pathways interact to promote infection remains unclear. Genomic 37 evidence from one clade of P. syringae suggests a tradeoff between the total number of 38 type III effector proteins and presence of syringomycin, syringopeptin, and syringolin A 39 toxins. Here we report the complete genome sequence from P. syringae CC1557, 40 which contains the lowest number of known type III effectors to date and has also 41 acquired genes similar to sequences encoding syringomycin pathways from other 42 strains. We demonstrate that this strain is pathogenic on Nicotiana benthamiana and 43 that both the type III secretion system and a new type III effector family, hopBJ1, 44 contribute to virulence. We further demonstrate that virulence activity of HopBJ1 is 45 dependent on similar catalytic sites as the E. coli CNF1 toxin. Taken together, our 46 results provide additional support for a negative correlation between type III effector 47 repertoires and the potential to produce syringomycin-like toxins while also highlighting 48 how genomic synteny and bioinformatics can be used to identify and characterize novel 49 virulence proteins. 50 51 O'Brien et al., 2011). Much of the previous research on pathogenicity in P. syringae has 56 focused on identifying and characterizing virulence factors within strains and on 57 categorizing their presence across the species (Baltrus et al.
Pseudomonas syringae, a bacterial phytopathogen of many crop species, utilizes 54 a diverse arsenal of virulence factors to infect host plants (Hirano and Upper, 2000; 55 78 Multiple reports have suggested functional overlap or phenotypic interactions 79 between T3E and NRP pathways. For instance, phenotypic virulence functions of the 80 toxin coronatine can be partially restored by the toxin syringolin A as well as T3Es 81
HopZ1 and AvrB1 (Cui et al., 2010; Jiang et al., 2013; Melotto et al., 2006; Schellenberg 82 et al., 2010) . Furthermore, within MLSA group II P. syringae strains as defined by 83
Sarkar and Guttman (2004) , there exists a negative correlation between presence of 84 conserved toxin pathways (syringolin A, syringopeptin, and syringomycin) and size of 85 the T3E repertoire compared to other phylogenetic clades (Baltrus et al., 2011; Figure 86 S1). In fact, MLSA group II strains possess the lowest number of T3E among analyzed 87 genomes across the species. This correlation is strengthened by the observation that 88 strains from pathovar pisi possess some of the largest T3E repertoires within MLSA 89 group II and have lost all three toxin pathways (Baltrus et al., 2013) . Whether this 90 negative correlation between NRPs and T3Es reflects an unrecognized difference in 91 disease ecology is yet to be determined, although strains from MLSA group II are 92 thought to survive as epiphytes much better than other clades within P. syringae (Feil et 93 al., 2005) . 94
95
The hypothesis of a phenotypic tradeoff between T3E and NRP pathways would 96 be bolstered by discovery of an independent clade of P. syringae that has gained similar 97 toxins to the MLSA group II strains but which also possesses a reduced effector 98 repertoire. We have analyzed the genomes of a small clade of P. syringae isolated as 99 from environmental sources (Morris et al., 2008; Baltrus et al. 2014) , and have found 100 independent evidence supporting this genomic trend ( Figure S1 ). Specifically, compared 101 to a closely related outgroup, genomes for two strains appear to have lost T3Es while 102 gaining a pathway which potentially encodes proteins for the production of a 103 syringomycin-like toxin. We demonstrate that one of these strains, CC1557, can infect 104
Nicotiana benthamiana and cause disease in a T3SS-dependent manner. We further 105
show that virulence of this strain is significantly increased by the presence of one new 106 T3E effector family, HopBJ1, which shares similar structure and catalytic residues with 107 the CNF1 from Escherichia coli. Therefore, independent evidence suggests that 108 acquisition NRP pathways correlates strongly with the loss of T3E families and further 109 strengthens the idea of an ecological or evolutionary tradeoff between these virulence 110 sizes in the apoplast of N. benthamiana after 3 days of infection ( Figure 1 ). This rate of 128 growth is similar to the well-established pathogenic strain for N. benthamiana, P. 129 syringae pv. syringae B728a ( Figure S2 ). Furthermore, these large bacterial population 130 sizes cause disease symptoms as evidenced by the visibility of tissue collapse ( Figure  131 3). High levels of growth and tissue collapse are both eliminated by deleting the hrcC 132 gene (Figures 1 and 3) , which encodes a main structural protein for the type III secretion 133 pilus. Therefore, CC1557 virulence in N. benthamiana under laboratory conditions is 134
The genomes of P. syringae CC1557 and CC1466 encode a reduced type III 137 effector repertoire. We used bioinformatic methods as per Baltrus et al. 2011, to 138 search the complete and draft genomes of P. syringae strains CC1557, CC1466, and 139 the closely related strain CC1583, for known type III effector families (Baltrus et al. 140 2014) . We found a total of four T3E shared across these three genomes, with eight T3E 141 found only within CC1583 (Table 2) . Therefore, together with HopBJ1 (see below), the 142 genomes of CC1466 and CC1557 appear to encode a total of 5 potential T3E from 143 known protein families. This stands in contrast to the immediate outgroup strain 144 CC1583, which encodes a total of 12 potential T3E from known protein families. 145 146 P. syringae CC1466 and CC1557 have horizontally acquired pathways for 147 production of non-ribosomal peptides that resemble syringopeptin and 148 syringomycin. We used tBLASTn searches of the complete genome sequence of 149 CC1557 in order to identify potential NRP toxin pathways as per Baltrus et al. 2011. 150 This genome contains highly similar full-length tBLASTn matches to a variety of proteins 151 involved in syringomycin synthesis: SyrB (93% Protein Sequence Identity), SyrC (99%), 152
and SyrP (93%), data not shown. Further investigation of all complete genomes for P. 153 syringae demonstrates that the region containing putative NRP-related loci in CC1557 is 154 found in approximately the same genomic context on the chromosome as the 155 syringomycin-syringopeptin pathways in P. syringae pv. syringae B728a ( Figure S3 ). 156
Moreover, the genomic context surrounding these toxin pathways is conserved 157 throughout P. syringae ( Figure S3 ). Although regions of high similarity to the 158 syringopeptin pathway do not appear to be present within CC1557, analysis of gene 159 annotations suggests that a second NRP pathway occurs immediately downstream of 160 the syringomycin-like region on the chromosome of CC1557 (data not shown). While it 161 is difficult to identify the NRP product of these CC1557 pathways by sequence alone, 162 draft genomes sequences suggest that this region is present in CC1466 but not 163 CC1583. The most parsimonious explanation for this phylogenetic signal is that an 164 immediate ancestor of CC1466 and CC1557 acquired this NRP region by horizontal 165 transfer after divergence from the CC1583 lineage. (Table 3 ). All genotypes tested displayed strong cell death by either 24 or 182 48hr post inoculation. 183 184 HopBJ1 induced cell death is not dependent on the known R-gene pathways as 185 tissue collapse still occurs in eds1, pad4 or rar1 mutants (Table 3) . HopBJ1-induced cell death also occurs in plants expressing the salicylic acid degrading enzyme NahG ( Table  187 3). However, this rapid tissue collapse fails to occur out of a hrcC-background of Pto 188 DC3000, indicating HopBJ1 secretion is dependent on a functioning T3SS (data not Figure 3A ). We further find that deletion of hopBJ1 leads to a loss of 200 the tissue collapse phenotype after 3 days ( Figure 3B ). We have been able to 201 complement both of these phenotypes in planta through expression of hopBJ1 using its 202 native promoter in trans (Figure 3) . 203 204 HopBJ1 resembles cytotoxic genes present within other species. Currently, the 205 closest BLASTp hits for HopBJ1 are hypothetical proteins from Serratia marcescens 206 (34% identity, YP_007346200.1) and Hahella chejuensis (30% identity, YP_435189.1) . 207
However, modeling of protein structure using the Phyre2 web server demonstrates that 208 HopBJ1 displays limited similarity to the E. coli CNF1 toxin ( Figure 4A) . Surprisingly, 209 amino acids critical for the deamidase functions of CNF1 appear to be conserved in 210
HopBJ1 ( Figure 4A Figure 1 ). We have found that both of these genomes contain few T3Es, with only 5 247 known loci present and shared by both (Table 2) . Genomic comparisons between these 248 two strains have further demonstrated that both contain an NRP toxin pathway very 249 similar to those encoding syringomycin. As is the nature of NRP toxins even a single 250 amino acid change can have dramatic consequences on the final toxin product 251 chemistry (Bender et al., 1999) , but it is important to note that these many of the predicted ORFs in these regions are highly similar (>90% protein ID) to syringomycin 253
ORFs present within MLSA group II strains. Comparison to closely related outgroup 254 strains demonstrates that acquisition of this NRP pathway is evolutionarily correlated 255 with loss of T3E families. Indeed, the most closely related sequenced outgroup strain, 256 CC1583, lacks this NRP pathway and contains twice the number of known T3E loci 257 (Table 2) . As such, we interpret these patterns as independent evidence suggesting an 258 evolutionary or ecological tradeoff between presence of syringomycin and number of 259
T3Es within the strain. We also note that there appears to be an additional, and CC1557, and to this point we have successfully used comparisons of genome 294 synteny to identify HopBJ1. hopBJ1 is present within the conserved effector locus within 295 these strains, and as such is proximate to both the structural genes for the T3SS and the T3E avrE. While it is difficult to precisely map out the evolutionary history of this 297 region, it does appear that hopBJ1 has been recombined into this locus in place of 298 hopM1 (Figure 2) . In some respects, recombination of hopM1 from this locus is 299 analogous to a situation witnessed in MLSA group I P. syringae strains where hopM1 300 alleles have been cleanly swapped through recombination (Baltrus et al., 2011) . HopM1 301 is an effector whose presence (although not necessarily in functional form) is conserved 302 throughout P. syringae sensu strictu, and has been shown to act redundantly with AvrE AvrE on specific hosts, although that our single deletion mutant shows a virulence 309 phenotype on N. benthamiana speaks against this possibility. Moreover, since HopBJ1 310 appears to be responsible for a significant portion the growth of CC1557 in planta, it will 311 be interesting to see how this effector behaves within different strain backgrounds on 312 different hosts. 313 314 HopBJ1 itself displays protein structure similarity to CNF1 toxin found within 315 pathogenic E. coli strains. CNF1 functions by causing deamidation of a glutamine 316 residue, crucial for GTP hydrolysis for small GTPases of the Rho family, thereby leading 317 to constitutive activation and actin disruption (Lemonnier et al., 2007) . Furthermore, changing either of these amino acids within HopBJ1 eliminates virulence activity of 319 CC1557 in planta, as well as during transient expression by Agrobacterium, and 320 eliminates avirulence activity when delivered from PtoDC3000 in Arabidopsis (Figure 4) . The pathology of HopBJ1 on Arabidopsis, when delivered from strain Pto 330 DC3000, suggests that HopBJ1 could be acting as a general toxin because cell death 331 appears regardless of accession and is not dependent on typical R-gene related host 332 defense pathways (Table 3) . Moreover, HopBJ1 does act as an avirulence factor within 333
PtoDC3000 because this cell death limits the growth of this strain in Arabidopsis (Figure 334 4D). In some ways, this may be similar to the functions of AvrE, which was identified as 335 causing cell death in soybean (Kobayashi et al., 1989) . It is tempting to think that both 336
AvrE and HopBJ1 ultimately lead to the same physiological outcomes during infection, 337 but so far little is known about processes targeted by AvrE. 338
What advantages HopBJ1 provides to CC1557 in nature remains unknown, as it 340 is currently unclear whether this strain is capable of causing disease in any organism 341 outside of the lab environment or syringe infiltration. Indeed, both CC1557 (snow) and 342 CC1466 (asymptomatic plants) were originally isolated in order to characterize 343 environmental diversity of P. syringae strains outside of crop disease. It is certainly 344 possible that CC1557 and related strains persist at low levels across a range of plant 345 hosts and habitats, using a T3SS and toxins to survive epiphytically but never reaching 346 large enough population sizes to cause disease. It is also possible that CC1557 is 347 naturally pathogenic within a suite of under-studied plant hosts or only under specific 348 environmental conditions. However, given the disease symptoms measured under 349 laboratory conditions, it is clear that CC1557 has the potential to cause rapid cell death 350 in plant leaves relative to other P. syringae strains and that a significant amount of this 351 activity is dependent on HopBJ1. These results suggest an intriguing possibility that the 352 disease ecology of CC1557 is fundamentally different (for instance, more necrotrophic) 353 than other commonly studied P. syringae strains. coli were supplemented with antibiotics or sugars in the following concentrations: 372 10μg/mL tetracycline, 50μg/mL kanamycin, 50ug/ml spectinomycin, 25μg/mL 373 gentamycin (50ug/mL for Agrobacterium), and 5% sucrose. 374 375 All clones were created by first amplifying target sequences using Pfx 376 polymerase (Invitrogen), followed by recombination of these fragments into the entry 377 vector pDONR207 using BP clonase (Invitrogen). Site-directed mutagenesis was 378 performed using SLIM amplification (Chiu et al., 2004) . All ORF (without a hrp-box 379 promoter) and gene (including the promoter) sequences were confirmed by Sanger 380 sequencing of these pDONR207 clones. Clones in entry vectors were recombined into 381 destination vectors of interest using LR clonase (Invitrogen). genome assemblies were queried using tBLASTn with queries consisting of protein 404 sequences for known type III effector families or for key loci within toxin pathways. Each BLAST hit was validated by hand for copy number, identity, and completeness. All 406 BLAST results were visually inspected to make sure that each sequence displayed high 407 similarity to only one region in the assembly, that this similar region was not part of a 408 larger ORF, and that the length of this region was greater than 40% of the length of the 409 original query sequence. 410
411
The Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) 412 was used to carry out protein structure similarity searches (Kelley and Sternberg, 2009) . 413
In brief, this server performs an automated search of both the protein sequence and 414 predicted folds for proteins of interest (in this case HopBJ1) across multiple databases. Figure S2 ). To minimize bias due to 437 phylogenetic relationships, we chose > 5 diverse strains from MLSA groups 1, 2, and 3 438 as well as CC1557 and CC1583. We then performed a Wilcoxian rank sum test to 439 compare the number of full-length effectors between genomes which either contain or 440 lack the genetic capacity for production of a syringomycin-like toxin. Angiuoi, S.V., Gussman, A., Klimke, W., Cochrane, G., Field, D., Garrity, G., Kodira, shown as an arrow. The region immediately upstream the hopBJ1 start codon is also 734 shown, with the predicted hrp-box and consensus nucleotides labeled in red. 735 736 737
